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Abstract 
Non-surfactant hypocrellins (Hys) is a kind of photosensitizer with strong and broad absorption in visible light region, 
obtained by isolating from the fungus sacs of hypocrella bambusae.  Previous studies have not yet addressed the use 
of hypocrellins as non-surfactant template in the synthesis of photocatalyst CdS, let alone the achievement of higher 
efficient photocatalytic activity than Degussa P25. Herein Al doped CdS prepared by using hypocrellins as template 
(Al-CdS/Hys) can enhance the photocatalytic activity while Al doped CdS without template (Al-CdS) prepared by 
conventional solvothermal method reduced the photocatalytic activity. Al-CdS/Hys was synthesized and 
characterized by a combination of various physicochemical techniques, such as XRD, nitrogen adsorption/desorption, 
diffuse reflectance UV–vis and TEM. Al-CdS/Hys is even more efficient than Degussa P25 for the degradation of 
organic dye, basic fuchsin under artificial solar irradiation. Moreover, doping Al increased the surface area of CdS to 
169.1 m2g−1.  
© 2013 The Authors. Published by Elsevier B.V.  
Selection and/or peer-review under responsibility of Beijing Institute of Technology. 
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1. Introduction 
In view of increasingly serious energy and environmental problems, considerable efforts have been 
invested in developing photocatalysts capable of using abundant solar light [1–4]. CdS is a well-known 
semiconductor with a band gap of 2.42 eV and its valence electron can be easily evoked to conduction 
band when the wavelength of evoking light is less than or equal to 495 nm [5, 6]. CdS semiconductor 
nanoparticles as photocatalyst have attracted intense interest to treat dye wastewater due to their unique 
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photochemical and photophysical properties in recent years [7, 8]. Various attempts have been made to 
improve CdS photocatalytic efficiency by depositing CdS on TiO2 nanorods [9], loading noble metal (Pt) 
on the surface of CdS [10], synthesizing core-shell structure with other sulfide like ZnS [11], sensitizing 
by dyes [12], incorporating the nanoparticles of metal sulfides into the interlayer photocatalysts [13, 14], 
or controlling the morphology [15-20]. Moreover, hexadecyl trimethyl ammonium bromide (CTAB) [21], 
porous anodic alumina (PAA) membrane [22], miniemulsion droplets of isooctane [23], even DNA [24] 
and silk fibroin [25] have been used as templates in preparing CdS. Template-free method was also 
developed in the synthesis of CdS[26]. Nevertheless, it is still a big challenge to obtain CdS with higher 
efficient photocatalytic activity than Degussa P25 titania. The removal of the surfactant would lead to the 
destruction of the structures, which would greatly limit their practical use. And non-surfactant templating 
route to synthesize CdS has not been reported so far as we know.  
Hypocrellins, including hypocrellin A (HA) and hypocrellin B (HB), are kinds of perylenequinonoid 
derivatives with photosensitive activity and obtained by isolating from a parasitic fungus hypocrella 
bambuase (B. et Br) sacc which is growing abundantly in the northwestern region of Yunnan Province in 
China[27]. They are efficient phototherapeutic agents and a kind of photosensitizer with strong and broad 
absorption in visible light region [28]. Therefore, CdS photoreduction efficiency was enhanced by 
photosensitization of HA in visible region [29]. Recently, the introduction of HB into TiO2 colloid 
successfully extended the photoresponse of TiO2 to visible light and maintained the high generation of 
active oxygen under visible light illumination [30]. However, same as all previous photosensitization 
methods, the hypocrellins incorporated into these materials are still the same as the original ones and still 
acted as photosensitizers. Recently, in our group fourteen commercial synthetic dyes were directly used 
as structure-directing agents which convert to carbonaceous materials after calcination in synthesis of 
thermally stable mesostructured titania [31]. This in situ carbon enhanced the visible light photocatalytic 
activities for the degradation of aqueous dyes. Furthermore, little attention has been paid to the 
application of photoactive compounds isolated from plants or fungus as templates instead of 
photosentizers in synthesis of photocatalysts [32] even though we used hypocrellins as a template to 
synthsize ternary sulfides Cu3BiS3 and AgBiS2 crystallites which were used as catalysts for the 
polymerization of alkylsilane [33]. 
Herein we developed a facile solvothermal method to synthesize Al doped CdS by using non-
surfactant hypocrellins as a template (Al-CdS/Hys) with higher efficient photocatalytic activity than 
Degussa P25 titania under artificial solar irradiation. In addition, Al-CdS/Hys exhibited larger surface 
area of 169.1 m2g−1 than those modified by doping with cobalt [34], using SBA-15 [35], Zeolite [36], 
lyotropic liquid crystal [37] as templates, preparing from ultrasonic method [36] and so on. 
2. Experimental 
2.1. Chemicals 
All chemicals were used without further purification. Cadmium nitrate Cd(NO3)2·4H2O was purchased 
from Shanghai JinShanTing Chemical Reagent Co. (China). Al(NO3)3·9H2O was purchased from Beijing 
Chemical Reagent Co. (China). Na2S·9H2O was purchased from Shanghai TongYa Technology 
Development Co. (China). Ethylene glycol and ethanol were purchased from Tianjin YongDa Chemical 
Reagent Development Center (China). Other chemicals are all analytical-grade reagents. 
2.2. Synthesis 
A mixture of 3 mmol of cadmium nitrate (Cd(NO3)2·4H2O), 1 mmol of aluminium nitrate 
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(Al(NO3)3·9H2O) and 3 drops of hypocrellins in ethylene glycol medium under ultrasonic irradiation until 
above chemicals fully dissolved in ethylene glycol, then reacted in oil bath at 140°C. Subsequently, 3 
mmol of sodium sulfide (Na2S·9H2O) was dissolved in ethylene glycol in the condition of ultrasonic 
irradiation and was dropwise added in above solution with agitation and left to rest at 140 °C for 6h. 
When the reaction was completed, the solution was cooled to room temperature naturally. The resulting 
precipitate was collected by filtrating, and washed with distilled water and pure ethanol for several times, 
then dried at 60°C for 6h in air. The obtained sample was denoted as Al-CdS/Hys. A series of samples, 
CdS modified by Al (Al-CdS), CdS templated by hypocrellins (CdS/Hys) and template-free CdS without 
doping Al (CdS) were prepared by the same method for comparison. 
2.3. Characterization 
X-ray powder diffraction (XRD) experiments were conducted on a D/max-3B spectrometer with Cu 
Kα radiation; scans were made in the 2θ range 10-80° with a scan rate of 10°/min (wide angle diffraction). 
High-resolution transmission electron microscopy (HRTEM) imagines were taken on a TEM (TECNAI 
G2 S-TWIN F20). Fourier transform infrared measurements were performed on a Nicolet 8700 
instrument. UV-Vis diffuse reflectance spectra were measured at room temperature in air on a Shimadzu 
UV-2401PC photometer over the range from 200 to 800 nm. Pore size distributions, BET surface areas 
and pore volumes were measured by nitrogen adsorption/desorption using a NOVA 2000e gas sorption 
analyzer (Quantachrome Corp.). Prior to the analysis, the samples were degassed at 150°C for 1h.   
2.4. Photocatalysis 
The photocatalytic activities of as-prepared samples were evaluated by the degradation of basic 
fuchsin in an aqueous solution which contained 70mL of 10ppm basic fuchsin and 0.025g of 
photocatalyst. Prior to irradiation, the suspensions were magnetically stirred in the dark for 24h to achieve 
adsorption-desorption equilibrium between basic fuchsin and the photocatalysts. After 24h in the dark, the 
photocatalytic experiments of basic fuchsin were carried out under the artificial solar irradiation (500w 
Xe lamp) for 3h, at intervals of 1h, a 8mL of the suspension was sampled and then centrifuged to remove 
the catalyst during the photocatalytic degradation progress, a Shimadzu UV-2401PC photometer was used 
to record the concentration changes of the resulting degraded basic fuchsin solution over the range from 
200 to 800nm. Laboratory film was used to seal the beaker so that the volume of the solutions decreased 
little after the experiment. The solutions were mixed with magnetic stirrers during the reaction process. In 
order to obtain the real adsorption yield and photodegradation yield due to the photocatalysis in the 
presence of photocatalysts, the decreases of the dye concentration because of the adsorption and direct 
photolysis should be deducted. The decrease due to adsorption can be deducted after the adsorption 
equilibrium was achieved.  Therefore, photodegradation yield is defined as:  
 
                                  Photodegradation yield =        
where, Co is the initial concentration of basic fuchsin, Ca is the concentration after photodegradation of 
dye, and Cb is the decrease concentration because of the direct photolysis [38, 39].  
3. Results and Discussion 
3.1. Catalyst properties 
During the process of reaction, the orange products were formed as soon as adding Na2S·9H2O into the 
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solution. This indicates that the chemical reaction rate of the reactive system is fast and the nucleation 
rate is far than the growth rate of particle [40]. Therefore, this reactive mechanism favors the formation of 
CdS particles.
The X-ray diffraction spectra for the as-prepared samples of (a) CdS, (b) CdS/Hys, (c) Al-CdS and (d)
Al-CdS/Hys are depicted in Fig.1A Obviously, there were three diffraction peaks at 2θ values of 
26.4°(111), 43.6°(220), 52.2°(311), which corresponded to cubic phase of CdS (JCPDF card No. 89-
0440). But when Al modified CdS, it appeared another diffraction peaks at 2θ values of 24.8°(100), 
26.5°(002), 28.2°(101), 43.7°(110), 47.8°(103), 51.8°(112) which assigned to the hexagonal phase of CdS 
were also clearly observed (JCPDF card No. 77-2306). So CdS and CdS/Hys only existed the cubic phase, 
but Al-CdS and Al-CdS/Hys existed mixed crystals of cubic and hexagonal phases. It is known that the
mixed crystals can enhance the photocatalytic activity of CdS, which is known to be the more active
phase than the cubic phase [41]. It should indicate Al-CdS/Hys had higher photocatalytic activity.
The surface properties of samples have been studied and shown in Table 1. The samples of CdS,
CdS/Hys, Al-CdS and Al-CdS/Hys possessed surface areas of 105.1 m²g-1, 119.1 m²g-1, 160.4 m²g-1,
169.1 m²g-1 respectively, pore volumes of 1.0–1.6 cm3g-1, and average pore radius of 13.0–14.0 Å. It is
interesting to mention that the surface area increased slightly by using hypocrellins as template, while
compared to CdS, surface area and pore volume of Al-CdS and Al-CdS/Hys augmented, which was 
attributed to doping Al. The result indicates that adding Al played a vital role to synthesize these samples 
with smaller pore size and quite larger surface area, which are believed to be one of the most important 
positive factors in the photocatalytic reactions.
The obtained CdS, CdS/Hys, Al-CdS, Al-CdS/Hys samples characterized by TEM analysis have
shown in Fig.1B For the very small size and high surface energy, CdS in the solution are easy to
aggregate into the secondary particle [42]. Therefore it is difficult to precisely determine the average size
and the size distribution just from observation results of the TEM images. Also, a and c line in Fig.1B
show that CdS only modified by Al appears more agglomerates than CdS, which demonstrates Al can 
reduce the photocatalytic activity of CdS. But TEM images clearly demonstrate the synergistic effects of
Al and hypocrellins template can reduce the agglomerate of CdS. Overall, Fig.1B reveals that Al-
CdS/Hys has the best dispersity.
Fig. 1. (A) X-ray diffraction patterns and (B) TEM images of (a)CdS, (b)CdS/Hys,(c)Al-CdS and (d)Al-CdS/Hys.
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Table 1. Porous structure parameters of as-prepared samples. 
Sample CdS CdS/Hys Al-CdS Al-CdS/Hys 
Surface area (m2/g) 105.1 119.1 160.4 169.1 
Total pore volume(cm3/g) 1.0 1.1 1.5 1.6 
Average pore radius(Å) 14.0 13.5 13.6 13.0 
3.2. The Characterizations of Photocatalyst   
UV-Vis diffuse reflectance spectra were measured at room temperature in air over the range from 200 
to 800 nm. The optical absorption spectra of these samples in Fig.2A show that the absorptions occurred 
blue shift despite of CdS being modified by Al or templated by hypocrellins, because these particles 
showed the size quantization, that is to say, in a semiconductor, the decrease in the particle size resulted 
in the increase in the band gap between the valence band and conduction band. Consequently, the 
excitation of electron from valence band to conduction band required higher energy, which resulted in the 
blue shift or light absorption in higher energy region. 
 
 
 
 
 
 
 
Fig. 2. (A) UV-vis diffuse reflectance spectra of as-prepared CdS and (B) The photodegradation yields of basic fuchsin with the 
irradiation time.    
Table 2 shows that CdS templated by hypocrellins had highest adsorption yield of 37.2%. However, Al 
modified CdS decreased its adsorption yield, moreover, when CdS was both added Al and templated by 
hypocrellins existed lowest adsorption yield 0f 0.8%. Therefore, it is interesting that CdS/Hys had highest 
adsorption yield, but Al-CdS/Hys had lowest adsorption yield.  
Table 2. The adsorption yield of as-prepared samples and Degussa P25. 
Sample P25 CdS CdS/Hys Al-CdS Al-CdS/Hys 
Adsorption yield (%) 32.2 18.5 37.2 5.6 0.8 
 
The photocatalytic activities of the as-obtained products were evaluated by the degradation of basic 
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fuchsin under artificial solar irradiation at room temperature. Temporal changes in the concentration of 
basic fuchsin as monitored by the UV–vis spectra are shown in Fig.2B. Obviously, the samples                
exhibited different photocatalytic activities. As can be seen, the photodegradation yield of Al-CdS/Hys 
achieved 89.9% and Degussa P25 just achieved 16.7% after artificial solar light irradiation for 1h, and the 
photodegradation yield of Al-CdS/Hys approximately achieved 100% after 2h irradiation. Therefore, Al-
CdS/Hys obviously had higher photocatalytic activity than Degussa P25 under artificial solar light 
irradiation, and the others such as CdS/Hys, Al-CdS and CdS can not precede Al-CdS/Hys on the 
photodegradation yield of basic fuchsin. The result shows that the obtained Al-CdS/Hys exhibited the best 
photocatalytic activity. 
4. Conclusions 
Al modified CdS prepared by hypocrellins as non-surfactant template was an efficient photocatalyst 
for the degradation of basic fuchsin without adding any initiator under artificial solar light irradiation. It 
even exhibited higher photocatalytic activity than Degussa P25. Although CdS modified by Al can reduce 
the photocatalytic activity, the synergistic effects of Al and hypocrellins template can enhance the 
photocatalytic activity. Interestingly, Al-CdS/Hys exhibited larger surface area of 169.1 m2g−1, lower 
adsorption yield, and higher photodegradation yield. Furthermore, this approach in synthesis of Al-
CdS/Hys is potentially more active. 
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